Background 26 While overall rates of meningococcal disease have been declining in the United States for the 27 past several decades, New York City (NYC) has experienced two serogroup C meningococcal 28 disease outbreaks in 2005-2006 and in 2010-2013. The outbreaks were centered within drug use 29 and sexual networks, were difficult to control, and required vaccine campaigns.
10 191 (version 4.0a147) with the cases' home borough or neighborhood as units of a geography.
192 Borough was determined from the latitude and longitude of the home address using ArcGIS 193 (http://www.esri.com/software/arcgis/explorer/index.html). New York City neighborhood was 194 determined based on NYC Department of City Planning Neighborhood Tabulation Areas (NTA, 195 see Table S1 ). Isolates from outside NYC maintained their individual location for both analyses.
196 PAUP* was then used to calculate the ancestor descendent changes in geographic location at 197 each branch of the phylogenetic tree. The directionality and number of each type of change was 198 then measured. These data were then integrated to form the network of bacterial transmission 199 using igraph and qgraph packages in R [40, 41] . 
RESULTS

206
Study Population and Isolate Sequencing 207 A total of 102 isolates were submitted for WGS. Six isolates were excluded due to poor 208 sequencing or assembly of their genomes and there were 12 repeat isolates (same patient, 209 different specimen source) from 11 individuals leaving 84 unique patients (74 NYC residents, 63 210 invasive infections) in the analysis (see Figure 1 ). During the years 2003-2013, a total of 322 211 IMD cases were reported in NYC residents, of which 263 were culture positive (the universe of 212 possible study isolates). The proportion of eligible invasive isolates in NYC residents included in 213 the study by serogroup is as follows: 52/86 (60%) MenC, 4/60 (7%) MenB, 4/21 (19%) MenW, 281 Ob2 isolates have one gene encoding a protein associated with the outbreak clade which was 282 annotated as a hypothetical protein (p=0.0193, Table 3 ). One SNP in a TonB-dependent receptor 283 was found to be significantly associated with Ob2 (p=0.04994, Table 3 ). This SNP is non-284 synonymous and results in a change from threonine to isoleucine. All eight isolates that were not 285 epidemiologically considered part of Ob2, but were present on the same clade also possess this 286 change. Through a BLAST search, we found that this SNP is not unique to this clade of N.
287 meningitidis.
289
Betweenness Centrality 290 As detailed in methods, we optimized the home location of the patients on the phylogeny and 291 converted the result of all the ancestor descendent changes to a network to determine how N.
292 meningitidis moved around the city over the 11-year period. We then applied betweenness 293 centrality as of a measure of how often a node in a network is on the shortest path between two 294 other nodes. Seventy-eight unique patient isolates, with a strict core genome of 1320 genes, were 295 included in the betweenness centrality analysis. At the NYC borough resolution, not all of the 296 boroughs were connected to each other nor are all the connections bidirectional ( Figure 2 ).
297 Brooklyn had the highest betweenness centrality as the only borough connected to all other 298 boroughs and the one with the most connections to non-NYC locations. Brooklyn also had the 299 most intra-borough transmission events (Figure 2 , indicated by the arrow that loops back). The 300 Bronx had the second highest betweenness centrality of the boroughs. The Bronx was connected 301 to all the boroughs except Staten Island. We observed bidirectional movement between the 302 Bronx, Brooklyn and Queens, and connections to three non-NYC locations.
303
304 While betweenness centrality at the level of the borough allowed us to see an additive summary 305 of N. meningitidis movement over 11 years, it did not elucidate the details of transmission events 306 for the two outbreaks. When the betweenness centrality analysis was examined at the level of 307 neighborhood, the arrows represented much more granular transmission events between 308 locations elucidating the transmissions specific to each outbreak ( Figure 3 ). Most transmission 309 events at the level of neighborhood were single events. However, there were some multiple 310 transmissions between or within locations: (1) two transmissions occurred between Stuyvesant 330 96 of them to uncover connections among patients not found during case investigations. Our de 331 novo genome assembly metrics were comparable to that of other researchers using similar 332 sequencing methods. Multiple studies have estimated that the core genome of N. meningitidis is 333 around 1300-1600 genes [43, 44, 45] , which is consistent with what we found for the genomes 334 analyzed here. As expected, the pan genome for this group is larger than what has been seen in 335 previous studies. This is because N. meningitidis has an open pan genome with an estimated 38 336 new genes added to its pan genome with each newly sequenced isolate [43] . Consistent with this 337 estimate, our genomes had an average of 33 unique genes.
339
The core genome phylogenetic analysis provided evidence that the epidemiologically determined 340 Ob1 and Ob2 were separate outbreaks caused by different, yet related, strains. The overall shape 341 of the phylogenetic tree indicates that while many of the isolates in NYC have highly similar 342 core genomes, including those from Ob1 and Ob2, there are a number of isolates that are very 343 different, having greater similarity to isolates sequenced as parts of other studies. This could be 344 due to the introduction of N. meningitidis strains from other parts of the world through 345 immigration and tourism.
346
347 Included in the Ob2 clade are two isolates (S00-1218 and S00-1220) from 2008 indicating that 348 isolates with highly similar core genomes were present in NYC prior to the start of this outbreak.
349 These isolates could be missing important genetic elements outside of the core genomes that 350 conferred the Ob2 strain added virulence or afforded it a competitive advantage. Alternatively, 351 and more likely, patient behaviors and social network dynamics differed for those isolates, 352 preventing them from triggering an outbreak in 2008.
353
354 Our analysis also identified isolates that should have been considered part of an outbreak based 355 on genetic relatedness that were not epidemiologically categorized as such. For example, S00-356 1211 is located with the Ob1 isolates on the phylogenetic tree, however, the patient had onset 357 more than six months after the end of the outbreak, was not known to use drugs, and did not live 358 in Brooklyn. The patient resided in a shelter and her onset was close in time to two other IMD 359 cases associated with shelters and substance abuse (neither isolate was available for WGS), 360 suggesting that it is likely the patient came in contact with a person carrying the Ob1 lineage 361 strain.
362
363 During Ob2, one case of serogroup C IMD, indistinguishable by PFGE from Ob2 isolates, 364 occurred in a woman (S00-1259) who denied contact with the MSM community and was 365 therefore not considered part of the outbreak. The position of S00-1259 on the phylogenetic tree 366 suggests that she was infected by the Ob2 strain. Two non-resident male cases (S00-1266 and 367 S00-1302) were also not considered part of the outbreak. One patient died and was not known to 368 family members to be MSM and it was later learned that the other individual reported MSM in 369 the year prior to his IMD. Both of these patient isolates lie within the Ob2 subclade and therefore 370 were likely part of the MSM outbreak. One other MSM outbreak-associated patient isolate (S00-371 1260), which was not related by PFGE criteria, appears in a different part of the phylogenetic 372 tree than the Ob2 strains and we now consider this to have been a sporadic case and unrelated to 373 Ob2.
375
We were able to document the appearance of an intact aniA gene in a NYC IMD patient from 376 2003, and that the proportion of patient isolates with this mutation increased from Ob1 to Ob2.
377 The public health implications of this adaptation are not fully understood, however, two recent 378 observations are of concern: 1) the emergence in the US Midwest of N. meningitidis urethritis in 379 heterosexual men; and 2) a NYC newborn with N. meningitidis conjunctivitis suspected to have 380 been acquired by vertical transmission. The N. meningitidis strain in these patients contained an 
383
We were limited to the core genome for the SNP GWAS analysis and therefore were unable to 384 look for SNPs in genes that were present in some, but not all, genomes examined. This may have 385 restricted the identification of SNPs important to the epidemiology of the outbreak. Due to 386 bacterial clonal reproduction, GWAS analyses are complicated by phylogenetic relationships and 387 linkage disequilibrium. For this reason, we included in our analysis correction for population 388 stratification using a genomic control and for multiple testing using the more conservative 389 Bonferroni correction. Although we found a number of SNPs that were associated with Ob1, 390 they varied widely in their functions and could not be correlated with any known association 391 with outbreak transmission. Given that Ob2 occurred in the MSM community, we anticipated 392 that there would be one or more identifiable genetic components to explain the focal 393 epidemiology. Unfortunately, the GWAS analysis did not provide data beyond what has been 394 found in other studies; that genomic distinctions between carriage, non-invasive, and invasive 395 isolates of N. meningitidis are not easily determined by gene content and may be polygenic [44] .
397
We used a transmission network analysis to evaluate how N. meningitidis moved among NYC 398 communities during and between two outbreaks. Isolates from different specimen sources in the 399 same patient were more similar to each other than other isolates in the analysis, demonstrating 400 that within host evolution or variation is not a complicating factor in using the phylogenetics to 401 determine transmission events [45] . 
